Elevated levels of monoterpenes and diterpene resin acids are produced in the stems of lodgepole pine (Pinus contorta var latifolia) saplings when wounded and inoculated with the blue-stain fungus Ceratocystis clavigera or when wounded and treated with a pectic fragment from tomato leaves (PIIF) or a fungal cell wall fragment (chitosan). This induced defensive response (hyperoleoresinosis) is the result ofa transient rise in the ability to biosynthesize cyclic monoterpenes and diterpene resin acids as measured by the in vivo incorporation of label from [U-'4Clsucrose relative to untreated controls, and is accompanied by a corresponding rise in the levels or activities of the relevant terpene cyclases as determined by in vitro assay using labeled acycic precursors. The results indicate that juvenile P. contorta responds to infection and biotic elicitors much like the mature tree, and they suggest that the Pinaceae possess a mechanism for elicitor recognition and induced defense similar to that of other higher plants.
Institute ofBiological Chemistry, Washington State University, Pullman, Washington 99164-6340 ABSTRACI Elevated levels of monoterpenes and diterpene resin acids are produced in the stems of lodgepole pine (Pinus contorta var latifolia) saplings when wounded and inoculated with the blue-stain fungus Ceratocystis clavigera or when wounded and treated with a pectic fragment from tomato leaves (PIIF) or a fungal cell wall fragment (chitosan) . This induced defensive response (hyperoleoresinosis) is the result ofa transient rise in the ability to biosynthesize cyclic monoterpenes and diterpene resin acids as measured by the in vivo incorporation of label from [U- '4Clsucrose relative to untreated controls, and is accompanied by a corresponding rise in the levels or activities of the relevant terpene cyclases as determined by in vitro assay using labeled acycic precursors. The results indicate that juvenile P. contorta responds to infection and biotic elicitors much like the mature tree, and they suggest that the Pinaceae possess a mechanism for elicitor recognition and induced defense similar to that of other higher plants. 25, 26) and the broad outlines of pine defense biology have been delineated (2, 15) . The biosynthesis of resin terpenoids, however, is poorly understood, as is the biochemistry of the defense reaction; present concepts are based largely on analogy to terpenoid metabolism and phytoalexin production in herbaceous species (7, 15, 17) . The lack of fundamental information about this defense response is, in part, a result ofthe difficulties encountered in experimenting with mature trees in the forest setting, the system in which the phenomenon was first discovered and with which most early observations were made (17, 19, 21, 23, 24) . In this communication we provide an account of induced oleoresinosis in 2-year-old lodgepole pine saplings (maintained in a greenhouse) in response to inoculation with 'blue staining' fungus (C. clavigera) and with carbohydrate elicitors, we report in vivo experiments-which demonstrate the elevated formation of monoterpenes and diterpene resin acids, and we describe the isolation and enhanced activity of the terpenoid cyclases which catalyze the committed steps of monoterpene and diterpene biosynthesis in this species.
The terpenoid fraction ofpine resin contains 20 to 50% volatile monoterpenes (C10), minor levels of sesquiterpenoids (C5), and 50 to 80% nonvolatile diterpene acids (C20) (8, 18) , and the induced secretion of these materials constitutes an important component of the defense response of pines to attack by bark beetles and their associated pathogenic fungi (2, 13, 26) . Resistant lodgepole pine (Pinus contorta Douglas) produces high levels of a-pinene and limonene ( Fig. 1 (17) .
The chemistry of pine resin and the role of resin components in resistance to infestation and infection have been discussed (20, ' recovered by pouring the reaction mixture into 15 ml of brine followed by ether extraction (2 x 10 ml), and the pooled ether Limonene phases were dried over anhydrous Na2SO4, concentrated to small volume, and the contents examined by combined capillary GLC-MS. Calibration of the method with a-pinene and abietic acid indicated that volatile monoterpenes were recovered in about 85% yield, whereas resin acids were recovered (as methyl dehydroabietate) in an overall yield of approximately 80%.
In vivo Tracer Studies. The protocol for these experiments was essentially identical to that described above. In this instance, wounded saplings and wounded saplings treated with PIIF or chitosan were employed, along with unwounded controls. Three saplings subjected to each treatment were harvested at 4-dintervals, and each sapling was injected 24 h before harvest with 15 ,l of an aqueous solution containing 5 ,uCi of [U-14C]sucrose (5 ,ul injections at three sites radial from the wound site at 900 intervals). Isolation of volatile terpenoids and diterpene resin acids (as methyl esters) was as before; however, in this case, products were analyzed by radio-GLC following the addition of appropriate monoterpene and resin acid carrier standards, which were obtained from the oleoresin. (Fig.  2a) . Wounding alone led to a lesser increase (1.5-fold) in monoterpene level, which is a characteristic wound response in conifers (2, 19, 21, 23) while inoculation with spores rather than mycelia led to a relatively slow increase in monoterpene content to slightly over twice the control level in 12 d (data not shown).
Monoterpene content of the pine stem oleoresin was examined by GLC-MS at the 10-d period following wounding and fungal infection (Table I ). Significant increases in the levels of the monoterpene olefins a-pinene, f,-pinene, 3-carene, and ,3-phellandrene (for structures see Fig. 1 ), which are thought to be toxic to this fungus (19, 23) , were found in infected stem tissue compared to controls. The levels of a-phellandrene and limonene decreased, probably because of volatility losses with little compensating production of these compounds. Examination of the monoterpene content of the oleoresin elicited by PIIF and chitosan treatment (at 12 d) revealed a composition similar to that of the infected tissue, but with slightly higher proportions of ,lpinene and 3-carene, as well as limonene.
The alteration in diterpene resin acid content of the oleoresin was also measured (by gravimetric determination of free organic acids) in response to the various treatments, and was shown to roughly double upon infection and to increase nearly 3-fold upon treatment with PIIF or chitosan (Fig. 2b) . GLC-MS analysis of the methyl esters verified the presence of dehydroabietate (major) and chromatographically similar resin acids (minor components) of mol wt = 316 (30), and incidently indicated a slight decrease in the levels of the fatty acids C,8g: and C182 which comprised about 10% of the oleoresin of untreated controls. Little can be said about the composition of the native diterpene resin acid fraction since the oleoresin isolation procedure (steam distillation 85, 1987 in air, exposure to Lewis acid) resulted in the isomerization/ oxidation of the acids present with the resulting production of dehydroabietate (9) . The mass spectral identification ofthe latter, as the methyl ester (30), did however confirm the presence of abietic-type resin acids in P. contorta saplings, as anticipated from studies on the resin acid content of mature trees (1, 23) .
The nonvolatile neutral components of the oleoresin were also subjected to preliminary (gravimetric) analysis, and were shown to increase roughly 2.5-fold in response to infection. This material comprised about 15% of the oleoresin produced in response to infection (volatile monoterpenes about 40%, and free acids about 40%) and GLC analysis of this fraction revealed a very complex mixture of more than twenty components (at >2%), as expected for this class of wood extractives (22 Incorporation of label from sucrose into monoterpenes of the untreated controls was quite low (<0.1 %), whereas wounding produced a notable (5-fold at maximum), but transient, increase in the rate of incorporation into these materials (Fig. 3a) . Wounded saplings that had been treated with either PIIF or chitosan exhibited the most rapid rate of [U-'4C]sucrose labeling (after 24 h), reaching a maximum 4 or 8 d following elicitor treatment and declining to about 50% of maximum at 12 d (Fig.  3a) . The rates of de novo resin synthesis observed following elicitor treatment were some 15 to 20 times higher at maximum than were those of untreated controls, a rather higher ratio than the 3-to 5-fold difference in oleoresin content observed analytically between treated and control saplings in the earlier time course experiments (Fig. 2) . It should be noted, however, that the oleoresin content ofthe untreated controls represents primary (preformed) resin which is stored in the resin ducts and not resin produced in response to external stimulus. Radio-GLC analysis of the labeled monoterpenes generated from [U-14C]sucrose in response to chitosan treatment after 8 d indicated the presence of a-pinene, 13-pinene, 3-carene, and f,-phellandrene, with lesser quantities of camphene, a-phellandrene, and limonene (Fig. 4a) , the de novo biosynthesis of which could be anticipated from the earlier analytical studies (Table I) .
Incorporation of label from sucrose into diterpene resin acids (measured as '4C-methyl dehydroabietate) was low in untreated controls (<0.1 %), whereas wounding resulted in a transient increase in incorporation to about twice that of control levels, and both PIIF and chitosan treatment resulted in an increase of incorporation rate (at maximum) to over 10 times that of the untreated control (Fig. 3b) . For the reasons noted earlier, precise definition of resin acid composition was not possible; however, the presence of methyl dehydroabietate as the major component of the labeled resin acid fraction at each time point was verified by radio-GLC, confirming that a transient increase in the biosynthesis of abietane-type resin acids had occurred.
A roughly 10-fold increase in the incorporation of label into neutral, nonvolatile substances was also observed in response to wounding and treatment with PIIF or chitosan (data not shown) but the absolute incorporation rate was too low (i.e. about 0.2% incorporation at maximum) to permit detailed radiochemical analysis of this fraction.
Measurement of Terpene Cyclase Activity. To confirm the transient increase in the biosynthesis of oleoresin terpenoids in P. contorta saplings in response to treatment with PIIF and chitosan, an effort was made to measure alteration in the activity of the cyclase enzymes responsible for generating parent CO0, C15, and C20 terpenoid compounds from the universal acyclic branchpoint metabolites geranyl, farnesyl, and geranylgeranyl pyrophosphate. Cell-free extracts (105,OOOg supernatants) from control and treated tissue were prepared at 4-d intervals following initiation of the experiment and they were assayed under general conditions developed for comparable enzymes from herbaceous species (6).
Assay ofthe 105,000g supernatant prepared from treated tissue with [ 1-3H]geranyl pyrophosphate as substrate gave rise to readily detectable levels of monoterpene olefins, well above the levels observed in controls (Fig. 5a) . Maximum camphene, a-phellandrene, and limonene as expected (Fig. 4b) . The oxygenated monoterpene fraction was comprised largely of geraniol, released by phosphatases in the preparation, and the level ofthis activity was similar to that ofthe control and changed little over the time-course (i.e. 15 ± 3% conversion of substrate).
Assay with [1-3H] famesyl pyrophosphate as substrate of the soluble enzyme system prepared from treated tissue gave rise to detectable levels of sesquiterpene olefins which were well above those of controls. The time-course of activity paralleled that of the monoterpene cyclase activity from tissue treated with PIIF or chitosan, but the overall level of activity was about 8-fold less, precluding radio-GLC analysis. Radio-TLC analysis, by scraping and counting regions of the plate, indicated that the labeled compounds in this fraction chromatographed in a broad range of RF values in the region of the sesquiterpene olefins caryophyllene and humulene. Analysis of the oxygenated sesquiterpene fraction indicated the presence of labeled farnesol (by radio-TLC), and the putative phosphatase activity changed little over the time-course.
Although little is known about the biosynthesis of diterpene resin acids, a sufficient theoretical framework exists to suggest that the initial cyclic products of the pathway are olefins of the pimaradiene and/or abietadiene type (7, 29) . Assay with [1-3H] geranylgeranyl pyrophosphate as substrate of the soluble enzyme system prepared from treated tissue gave rise to diterpene olefins at overall rates comparable to those observed for cyclization of geranyl pyrophosphate to cyclic monoterpene olefins, and the time-course was also similar with respect to the controls (Fig.  Sb) . Radio-GLC evaluation of this material suggested the presence of at least two components; however, the lack of suitable standards and the low specific activity of the precursor (and thus low count levels) prevented adequate analysis of these products. Radio-TLC separation indicated the labeled material to chromatograph with an RF value above that of abietriene (aromatic C-ring). The oxygenated diterpene fraction was shown to contain primarily geranylgeraniol by radio-TLC analysis.
DISCUSSION
The results presented here indicate that lodgepole pine saplings respond to fungal infection and challenge with biotic elicitors by the production of oleoresin, much like their mature counterparts (17, 19, 21, 23, 24) . The chemical composition of the 'induced' oleoresin differs somewhat between saplings and mature trees, most notably in the minor contribution of limonene to the sapling resin and in the greater proportion of diterpene resin acid (19, 23) . Similar differences were observed between the primary (constitutive) resin of saplings and mature trees, and such developmental variation is not unexpected (27) . Plant Physiol. Vol. 85, 1987 The observation that lodgepole pine responds to the presence of fungus and to the same carbohydrate fragments of plant and fungal cell walls that elicit defensive reactions in the Solanaceae and Leguminosae (28) suggests that the Pinaceae possess a recognition mechanism for induced defense similar to that of other higher plants (2, 17) . Although the role of blue stain fungi in pathogenesis has been questioned (4) and the detailed influence of various oleoresin components is still controversial (5), there can be little doubt that C. clavigera, as well as biotic elicitors which might be expected to arise in the process of infection, do elicit the production of a complex oleoresin which in turn is detrimental to the growth and development of both the fungus and the bark beetle which serves as the vector (19) (20) (21) 25) . By these criteria, induced oleoresinosis can be seen to resemble phytoalexin production (16); however, it need be emphasized that the process represents greatly enhanced, although relatively slow, production of constitutive metabolites, which is quite unlike the typical phytoalexic response.
Finally, evidence based on in vivo tracer studies is presented for a transient increase in the de novo biosynthesis of relevant monoterpene and diterpene oleoresin components in the tissue of the reaction zone in response to challenge. Furthermore, this transient increase in biosynthetic capability is manifested at the level of the cyclases which catalyze the committed steps of terpenoid biosynthesis from branch-point acyclic precursors. Whether the levels or activities of other enzymes of the terpenoid pathway are similarly enhanced in response to challenge is presently uncertain. This is a question which can be readily addressed with pine saplings; a model system for which the induction and analytical procedures are now being optimized.
